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Virus translationPicornavirus infection can lead to disruption of nuclear pore trafﬁc, shut-off of cell translation machinery, and
cleavage of proteins involved in cellular signal transduction and the innate response to infection. Here, we
demonstrated that the FMDV 3Cpro induced the cleavage of nuclear RNA-binding protein Sam68
C-terminus containing the nuclear localization sequence (NLS). Consequently, it stimulated the redistribution
of Sam68 to the cytoplasm. The siRNA knockdown of Sam68 resulted in a 1000-fold reduction in viral titers,
which prompted us to study the effect of Sam68 on FMDV post-entry events. Interestingly, Sam68 interacts
with the internal ribosomal entry site within the 5′ non-translated region of the FMDV genome, and
Sam68 knockdown decreased FMDV IRES-driven activity in vitro suggesting that it could modulate transla-
tion of the viral genome. The results uncover a novel role for Sam68 in the context of picornaviruses and
the proteolysis of a new cellular target of the FMDV 3Cpro.
Published by Elsevier Inc.Introduction
Foot-and-mouth disease virus (FMDV), the prototypic member of
the Aphthovirus genus of the family Picornaviridae is a highly conta-
gious viral pathogen of cloven-hoofed animals (Domingo et al.,
2002; Grubman and Baxt, 2004; Mason et al., 2003; Saiz et al., 2002;
Sobrino et al., 2001). Previous studies have shown that infection
with many picornaviruses belonging to the Enterovirus and Rhinovi-
rus genus leads to the efﬂux of speciﬁc nuclear proteins into the host
cell cytoplasm (Gustin and Sarnow, 2002; Huber et al., 1999;
Lawrence and Rieder, 2009; McBride et al., 1996). This is an intriguing
ﬁnding given that picornaviruses are single-stranded positive-sense
RNA viruses, whose entire replication cycle is believed to be conﬁned
to the cytoplasm. It is well established that the efﬂux of nuclear host
factors to the cytoplasm during the course of viral infections is not a
generalized process, rather only a certain subset of proteins is re-
localized. Many of the redistributed proteins described thus far for pi-
cornaviruses are RNA-binding proteins known to participate in virus
replication in cells, including: La autoantigen, nucleolin, poly-C bind-
ing protein (PCBP2), RNA helicase A (RHA), and the 68 kDa
Src-associated substrate during mitosis (Sam68) (Gustin and
Sarnow, 2002; Lawrence and Rieder, 2009; McBride et al., 1996;se Center, USDA/ARS/NAA, PO
323 3006.
der).
nc.Niepmann et al., 1997). Currently, very little is known about the effect
of Aphthovirus infection on host cells.
Our previous studies have shown that FMDV infection in cell cul-
ture induces the nuclear-to-cytoplasmic redistribution of a predomi-
nantly demethylated form RNA-binding protein: RHA, which was
determined to be critical to the life cycle of the virus (Lawrence and
Rieder, 2009). It has also been demonstrated with HIV infection,
that RHA partners with Sam68, another nuclear RNA-binding protein
(Reddy et al., 2000a, 2000b). Early reports suggested that Sam68
mimics the activity of the HIV Rev protein and Rev-like proteins of
other complex retroviruses facilitating the export of unspliced viral
RNA transcripts (Bolinger and Boris-Lawrie, 2009; Li et al., 2002;
Modem et al., 2005; Reddy et al., 2000b). However, more recent stud-
ies have shown that Sam68 can signiﬁcantly enhance the translation
of retrovirus genes by “marking” the viral RNA transcripts (Bolinger
and Boris-Lawrie, 2009; Cochrane, 2009; Coyle et al., 2003; He et al.,
2009; Henao-Mejia et al., 2009). The signiﬁcance of Sam68 to the
life cycle of HIV has been highlighted by the discovery that prior
transfection of host cells with a dominant negative mutant of
Sam68 with a C-terminal deletion (Sam68DeltaC) rendered the
cells refractory to subsequent HIV infection (Cochrane, 2009;
Marsh et al., 2008; Modem et al., 2005; Reddy et al., 1999; Soros et
al., 2001).
Unlike RHA and other nuclear RNA-binding proteins, which are
redistributed during picornavirus infections, Sam68 is not a shuttling
protein and is conﬁned to the nucleus as a result of specialized do-
mains discussed below (Ishidate et al., 1997; McBride et al., 1998;
Soros et al., 2001). It has been implicated in many cellular processes
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sponses to insulin stimulation, male fertility, and the progression of
cancer (Hong et al., 2002; Lukong and Richard, 2007; Richard et al.,
2008; Sette et al., 2010; Taylor et al., 2004). It is a member of the sig-
nal transduction and activation of RNA (STAR) superfamily of pro-
teins, and the prototypic member of a unique group of RNA-binding
proteins possessing a single heteronuclear ribonucleoprotein
(hRNP) K homology (KH) domain embedded within a larger GSG
(GRP33 Sam68 GLD-1) domain (Lukong and Richard, 2003). Down-
stream of the GSG domain, there are several proline rich regions,
which allow Sam68 to interact with other proteins bearing Src-
homology 3 (SH3) domains. The protein also possesses both an RGG
box within the N-terminus as well as several RG repeats proximal to
the C-terminus, and is a known substrate of the arginine methyltrans-
ferase, PRMT1 (protein-arginine N-methyltransferase) (Cote et al.,
2003). The C-terminal portion of the protein consists of a non-
canonical nuclear localization sequence (NLS) and a tyrosine-rich
region (Ishidate et al., 1997). Phosphorylation of the tyrosine residues
within this cluster has been described to both promote association
with SH2 domains and reduce interaction with RNA (Coyle et al.,
2003). In addition to the aforementioned post-translational modiﬁca-
tions, Sam68 is also a substrate for acetylation and sumoylation on
speciﬁc lysine residues (Babic et al., 2004; Babic et al., 2006). Increas-
ing the diversity of its potential cellular functions, Sam68 is also
capable of homo-dimerization and hetero-dimerization with closely
related single KH domain STAR proteins: Sam68-like mammalian
protein 1 and 2 (SLM-1 and SLM-2) as well as GRP-333, GLD-1 and
Qk1 (Chen et al., 1997; Di Fruscio et al., 1999).
Apart from Retroviridae, the only other virus family with which
Sam68 has been implicated is the Picornaviridae. Infection with polio-
virus or rhinovirus was shown to induce the redistribution of Sam68
from the nucleus to the cytoplasm (Gustin and Sarnow, 2002;
McBride et al., 1996). In poliovirus (PV) infected cells, the re-
localized Sam68 bound the PV RNA-dependent RNA polymerase,
and co-localized with the PV 2C protein on viral-induced membra-
nous structures (McBride et al., 1996). However, the functional signif-
icance of these interactions in PV replication has remained obscure.
Speciﬁc mechanisms have been reported that explain how infection
by different picornaviruses perturbs the normal nuclear-cytoplasmic
trafﬁcking of the host cell (Gustin and Sarnow, 2002). For instance,
the rhinovirus 2A protease (2Apro) has been shown to cleave compo-
nents (nucleoporins or Nup proteins) of the nuclear pore complex
(NPC): the channel that regulates active import and export across
the nuclear membrane. Alternatively, the leader protein of cardio-
viruses phosphorylates surface residues of the NPC components lead-
ing to the disruption of normal trafﬁcking and also inhibits RNA
nuclear export mediated by the Ran GTPase (Park et al., 2008,
2010). Speciﬁcally, Nup proteins migrating at 62 and 98 kDa (Nup62
and Nup98) are rapidly degraded, while Nup153 is degraded very
slowly during poliovirus and rhinovirus infection (Park et al., 2008,
2010).
Here, we examined the cleavage and subsequent relocalization of
Sam68 within wild-type FMDV-infected BHK and LFBK cells induced
by viral 3Cpro. As infection progressed, we observed increasing
amounts of truncated Sam68 products apparently lacking the
C-terminal NLS (Ishidate et al., 1997), thus suggesting a mechanism
for its nuclear egress distinct from what we previously reported for
RHA (Lawrence and Rieder, 2009). In FMDV-infected cells, the cellular
Sam68 protein was shown to co-precipitate and be sensitive to
cleavage by FMDV 3Cpro, but not by Lpro. Interestingly, we showed
that Sam68 also binds the internal ribosomal entry site (IRES) within
the 5′ non-translated region (NTR) of the FMDV genome. This was
further supported by experiments using a targeted reporter assay
driven by the FMDV IRES that exhibited reduced reporter gene ex-
pression following treatment with Sam68-speciﬁc siRNAs suggesting
that Sam68 augments the translation of the viral RNA.Results
FMDV infection alters Sam68 sub-cellular localization
Sam68 has been described as an exclusively nuclear protein,
which can associate with speciﬁc nuclear and sub-nuclear structures
depending on the physiological state of the cell (Chen et al., 1999;
Soros et al., 2001). However, it has been demonstrated that the
exclusive nuclear localization of Sam68 can be altered as a result of
infection with picornaviruses including: poliovirus and rhinovirus
(Gustin and Sarnow, 2002; McBride et al., 1996). To determine if in-
fection with FMDV could stimulate a similar redistribution, we used
immunoﬂuorescent microscopy (IFM) to examine the sub-cellular
localization of Sam68 at different stages of infection probing with an
antibody directed against the ﬁrst 50 amino acids of Sam68. As
shown in Fig. 1A, Sam68 remained sequestered in the nucleus of
uninfected cells as well as FMDV-infected cells examined at early
time points (approximately 1 h post infection, hpi). In contrast, at 3
and 5 hpi, FMDV-infected cells demonstrated a gradual increase in
punctate Sam68-speciﬁc cytoplasmic ﬂuorescence, which was later
seen distributed throughout the cytoplasm (Fig. 1A, upper panel).
This pattern was conﬁrmed using three different serotypes of
FMDV: A24-Cruzeiro (Fig. 1A, upper panel), O1-Campos and
C3-Resende (data not shown). Notably, the complete nuclear efﬂux
of Sam68 previously shown with poliovirus was not observed here
(McBride et al., 1996). To determine if such a pronounced re-
localization would only be achieved with an enterovirus, we
performed the IFM analysis of Sam68 using bovine enterovirus 1
(BEV-1). Infection with BEV-1 resulted in a more rapid redistribution
of Sam68 with cytoplasmic puncta evident early in infection with the
complete redistribution of Sam68 from the nucleus to the cytoplasm
by 5 hpi (Fig. 1A, lower panel). Importantly, both FMDV and BEV-1
share similar replication timelines with respect to the appearance
of viral proteins and viral RNA synthesis (Garcia-Briones et al.,
2006; Taylor et al., 1974). These ﬁndings indicate that infection
with FMDV results in the nuclear egress of Sam68 as infection
progresses.
To further conﬁrm these observations, we utilized a plasmid
encoding green ﬂuorescent protein (GFP)-tagged Sam68 (Chen et
al., 1999) in transient expression experiments. Expression of the
GFP-Sam68 was detected in the lysates of transfected cells on a
Western blot probing with anti-Sam68, which revealed both the en-
dogenous and ectopically expressed forms of the protein (Fig. 1B).
In a separate experiment, cells transfected with the GFP-Sam68 plas-
mid were mock-infected or infected with FMDV and examined at 4
hpi by IFM with a GFP ﬁlter. As seen in Fig. 1C, in the absence of
virus, cells transfected with GFP-Sam68 exhibit exclusively nuclear
GFP-associated ﬂuorescence. However, after infection with FMDV
for 4 h, the GFP-associated ﬂuorescence is split between the nucleus
and the cytoplasm (Fig. 1C), with similar Sam68-speciﬁc punctate
ﬂuorescence observed in the cytoplasm as was previously observed
in the context of endogenous Sam68 (Fig. 1A). This suggests that, sim-
ilar to what has been observed for enteroviruses and rhinoviruses, in-
fection with FMDV induces the redistribution of both ectopically
expressed and endogenous Sam68 from the nucleus to the cytoplasm.
Examination of nuclear pore proteins in FMDV-infected cells
Structural alterations of the nuclear pore complex result in
changes in nucleo-cytoplasmic trafﬁc during infection with some pi-
cornaviruses. We carried out experiments to evaluate mock and
FMDV-infected cell lysates for evidence of Nup degradation by West-
ern blot probing with an antibody speciﬁc to the Nup proteins. FMDV
infection resulted in no detectable Nup98 degraded product with
some proteolysis of Nup62 and Nup153 by 5 hpi (Figs. 2A, B). Three
FMDV serotypes failed to degrade Nup98 and exhibited some minor
Fig. 1. Sub-cellular distribution of Sam68 is altered by FMDV infection. A. LFBK cells were infected with FMDV or mock-infected (top panel) or BEV-1 (bottom panel) at a MOI of 10
and incubated at 37 °C for 1, 3, and 5 h. Virus-infected cells were probed with rabbit anti-Sam68 (N-terminal) followed by goat-anti-rabbit-AF488 (green). Nuclear material was
stained with DAPI (blue). B. LFBK cells were transfected with a plasmid encoding GFP-tagged full-length Sam68, and 2 days post-transfection, the transfected cell lysates were
examined by Western blot probing with anti-Sam68 (C-terminal). Arrowhead indicates endogenous Sam68. Arrow indicates ectopically expressed Sam68. The lane marked with
an asterisk contains a puriﬁed preparation of GST-tagged Sam68 expected to have a similar approximate molecular weight as GFP-tagged Sam68. C. LFBK cells were transfected
with pGFP-Sam68, subsequently either mock-infected or FMDV-infected for 4 h, and then were examined by IFM using a GFP ﬁlter.
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(Fig. 2), C3-Resende and SAT2 (not shown). Since the gradual redis-
tribution of Sam68 to the cytoplasm was observed earlier than 5
hpi, we concluded that the mechanism of Sam68 redistribution likely
does not involve FMDV-induced proteolysis of NPC components,
though it may contribute later in infection.
The C-terminus of Sam68 is degraded during FMDV infection
Having established that FMDV infection did not alter nucleo-
cytoplasmic trafﬁcking patterns by targeted degradation of componentsFig. 2. FMDV-induced cytoplasmic accumulation of Sam68 is not triggered by Nup degrada
infected cells were harvested at 1, 3, and 5 hpi. Virus-infected cell lysates were examined by
B. Densitometry scans were conducted using ImageJ software (NIH), and Nup62 (gray bars) a
were plotted.of the NPC, we explored whether Sam68 was modiﬁed during FMDV
infection in such a way as to catalyze its redistribution. Sam68 is a
substrate for multiple post-translational modiﬁcations, thus we evalu-
ated Sam68 for such changes during the progression of FMDV infection.
Speciﬁcally, lysine acetylation, tyrosine phosphorylation, and arginine
methylation were investigated. We were able to detect gradually re-
duced levels of all three modiﬁed forms of the protein (data not
shown). Two possible scenarios could account for these ﬁndings.
First, the reduction in the level of lysine-acetylated, tyrosine-
phosphorylated, and arginine-methylated Sam68 could be the result
of enzymatic de-acetylation, de-phosphorylation, and de-methylation.tion. A. LFBK cells were mock-infected or infected with FMDV at a MOI of 10 and the
Western blot probing with anti-nucleoporin protein or anti-tubulin (loading control).
nd Nup98 (black bars) values, normalized against tubulin, obtained over 3 experiments
43P. Lawrence et al. / Virology 425 (2012) 40–52Alternatively, it was also possible that the reduction detected was due
to degradation of Sam68 as infection progressed. Therefore, we assayed
for the cleavage of the C-terminus of Sam68. Mock and FMDV-infected
cells were examined by Western blot probing with an antibody raised
against the C-terminus of Sam68 (amino acids 331–443) (Fig. 3A). As
shown in Fig. 3B (right panel), the amount of Sam68 began to decrease
at 3 hpi, andwas almost undetectable at 5 hpi. This was detectedwith 3
different FMDV serotypes including: A24-Cruzeiro (Fig. 3), C3-Resende
and SAT2 (not shown). However, a parallel Western blot using an
antibody directed against the N-terminus of Sam68 (amino acids
1–50) (Fig. 3A) detected a faster-migrating band, potentially represent-
ing a Sam68 degradation product (Fig. 3B, left panel). The failure of the
ﬁrst Sam68 antibody to react with one of the faster-migrating bands
suggests that the C-terminus of Sam68 had been proteolyzed. Addition-
ally, the lower molecular weight Sam68 degradation product was less
than 50 kDa, and as such should passively diffuse through the nuclear
pore complex (Belov et al., 2000; Talcott andMoore, 1999). Degradation
of Sam68 was not detected when these experiments were performed
with BEV-1 (Fig. 3C), suggesting that this was an FMDV-speciﬁc
phenomenon. RHA stability was also examined in the context of
FMDV and BEV-1 infection, and no degradation was detected (Fig. 3C).Fig. 3. Sam68 is degraded during FMDV infection. A. Schematic representation of Sam68 with
Sam68 antibody (A) and C-terminal anti-Sam68 antibody (B) are shown. B. LFBK cells were m
hpi. Lysates were examined on side-by-side Western blots probing with antibodies directed
indicate full-length Sam68. Arrow indicates a stable Sam68-reactive degradation product. A
that might correspond to SLM-1. Shaded circle indicates the tubulin loading control. C. LFBK
of 10 and incubated at 37 °C for 2, 3, 4, or 5 h. Lysates were examined by Western blot proThese results indicate that not all nuclear RNA-binding proteins are
being modiﬁed in the same manner by FMDV, which is also consistent
with our previous report of RHA exiting the nucleus due to an alteration
in post-translational modiﬁcation (Lawrence and Rieder, 2009).Sam68 is not cleaved by the FMDV leader protease
Next, we wanted to determine if one of the viral proteases was re-
sponsible for the C-terminal degradation of Sam68. FMDV encodes
two functional proteases: the leader protease (Lpro) and the 3C prote-
ase (3Cpro). In an effort to determine if either of these proteases was
responsible for the observed degradation of Sam68 (Fig. 3), we
mixed cell lysates from different cell lines expressing endogenous
Sam68 with either puriﬁed wild-type Lpro or an inactive mutant of
Lpro. The mixtures were incubated at 37 °C for 5 h, and evaluated by
Western blot for evidence of degradation. No degradation of Sam68
was detected in Western blots of lysates incubated with wild-type
Lpro (Fig. 4A). Consistent with what has been previously described,
the activity of the recombinant wild-type Lpro was conﬁrmed by the
induced cleavage of eIF4G observed during incubation with thespeciﬁc domains and regions indicated. The region recognized by the N-terminal anti-
ock-infected or infected with FMDV at a MOI of 10 and incubated at 37 °C for 1, 3, or 5
against the N-terminus (left panel) or C-terminus (right panel) of Sam68. Arrowheads
sterisk (*) indicates a protein cross-reacting with the N-terminal anti-Sam68 antibody
cells were mock-infected (not shown) and infected with either FMDV or BEV-1 at a MOI
bing with anti-Sam68 (C-terminal), anti-RHA, or anti-tubulin (loading control).
Fig. 4. Sam68 degradation is not due to the FMDV leader protease. A. Recombinant full-length Sam68 was mixed with increasing concentrations of recombinant wild-type or mutant
Lpro. The in vitro reactions were incubated at 37 °C for 5 h, and subsequently analyzed by Western blot probing with the N-terminal Sam68 antibody. B. LFBK cells grown on
coverslips were mock-infected or infected with wild-type (WT) FMDV A24-Cruzeiro or leaderless (LL) FMDV A24-Cruzeiro at a MOI 10 and incubated at 37 °C for 1, 3 or 5 hpi.
Mock and virus-infected cells were probed successively with rabbit anti-Sam68 then goat-anti-rabbit-AF488 (green).
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(Devaney et al., 1988; Piccone et al., 1995a, 1995b).
To corroborate these ﬁndings, we repeated our previous IFM anal-
ysis (Fig. 1) to compare cells infected with either wild-type FMDV
A24-Cruzeiro (WT) or a mutant lacking the leader protease (LL).
The progressive accumulation of Sam68-speciﬁc ﬂuorescent puncta
in the cytoplasm of infected cells was identical for both the WT and
LL viruses (Fig. 4B). We concluded that Lpro was neither responsible
for the nuclear efﬂux of Sam68 nor the proteolysis of Sam68 detected
during FMDV infection.
Sam68 is cleaved by the FMDV 3C protease
Next, we sought to ascertain if the FMDV 3Cpro was responsible for
the cleavage of Sam68. Several possible FMDV 3Cpro cut sites were
identiﬁed within Sam68 (Fig. 5A), and the projected N-terminal frag-
ments were evaluated for their theoretical molecular weights
(Table 1) to see if they corresponded with the banding pattern
detected in Fig. 3. We encountered difﬁculty in the puriﬁcation of
large quantities of active recombinant 3Cpro for in vitro studies,
which is consistent with past reports (Marquardt, 1993). Instead,
we were able to use crude and partially puriﬁed extracts containing
active wild-type 3Cpro from bacterial cells transformed with a plasmid
encoding the 3ABC segment of the FMDV genome. Induced cultures
were lysed and separated into pellet and supernatant fractions. To
evaluate the activity of 3Cpro, these lysate fractions were examined
by Western blot probing with a monoclonal antibody against 3Cpro(Fig. 5B), which detected a band migrating at the approximate
molecular weight of 3Cpro, thus indicating that it successfully cleaved
itself from the 3ABC precursor polypeptide. Puriﬁed recombinant full-
length Sam68 was then mixed with increasing amounts of crude
lysates of either the 3ABC or an inactive 3Cpro mutant (3Cpro-46)
(Bablanian and Grubman, 1993; Grubman et al., 1995). The recombi-
nant Sam68 was degraded during incubation with increasing
amounts of the 3Cpro-WT, but not by the 3Cpro-46 mutant (Fig. 5C).
Next, we examined if endogenous Sam68 would be equally suscepti-
ble to degradation by the recombinant WT 3C protease. Partially pu-
riﬁed WT and the inactive 3Cpro mutant were mixed individually
with cellular lysates and incubated at 37 °C for 5 h, after which they
were probed with anti-Sam68 on a Western blot. Degradation of
Sam68 was only observed in lanes where the cell lysates were
mixed with the 3Cpro-WT, while no difference in Sam68 levels was
detected in lanes containing mock-treated and 3Cpro mutant treated
lysates (Fig. 5D, upper panel). To conﬁrm that active 3Cpro had not
been depleted during the partial puriﬁcation, we looked for evidence of
histone H3 degradation in the lysates incubated with 3Cpro-WT, which
is degraded by FMDV 3Cpro during the course of infection (Capozzo
et al., 2002; Falk et al., 1990; Grigera and Tisminetzky, 1984; Tesar
and Marquardt, 1990). The Western blot was stripped and re-probed
with anti-histone H3, which revealed histone H3 degradation only in
the lane containing lysates treated with 3Cpro-WT, thus conﬁrming that
the partially puriﬁed 3Cpro-WT was indeed active (Fig. 5D, middle
panel). We concluded that the C-terminal truncation of Sam68 observed
as FMDV infection progressed was due to 3Cpro cleavage.
Fig. 5. Sam68 is cleaved by the FMDV 3C protease. A. Diagram of Sam68 with the RGG box, KH domain, tyrosine rich region, nuclear localization sequence (NLS) and polyproline
regions (P0, P1, P2, P3, P4, P5) indicated. The anti-Sam68 antibody targeted to the N-terminus reacts with the region labeled as “A”, and the C-terminal anti-Sam68 antibody reacts
with the region labeled as “B”. Arrowheads mark potential FMDV 3C protease cut sites. B. An active WT 3C protease was expressed in bacteria from a plasmid encoding the FMDV
3ABC polypeptide. Transformed cultures were induced, lysed, and fractionated into soluble (S) and insoluble (P) portions, which were examined on a Western blot probing with a
mousemonoclonal anti-3Cpro antibody followed bygoat-anti-mouse-HRP. C. Recombinant puriﬁed Sam68was incubated 5 h at 30 °Cwith increasing amounts of bacterial lysates contain-
ing the activewild-type 3Cpro or an inactivemutant. The reactionswere analyzed on aWestern blot probing ﬁrst with rabbit anti-Sam68, then stripped and probedwithmouse anti-3Cpro.
D. Partially puriﬁedWT and inactive 3Cpro were mixed with LFBK or BHK cellular lysates and incubated at 37 °C for 5 h. The solutions were then examined byWestern blot probing with
the C-terminal anti-Sam68. Afterwards, the blotwas stripped and re-probed ﬁrst with anti-histone H3 to conﬁrm the enzyme activity and secondwith anti-tubulin to conﬁrm equal load-
ing between the lanes. Densitometry scanning was used to assign arbitrary values to relative changes in protein concentration on the Western blots.
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biochemical assays
Given that Sam68 is a RNA binding protein, we were interested in
evaluating whether this protein interacts with viral RNA structural
elements within the 5′ and 3′ NTRs of the FMDV genome. To assay
these interactions, we produced biotinylated RNA transcripts corre-
sponding to the FMDV S-fragment, IRES, cis-acting replication ele-
ment (cre), and the 3′ NTR and carried out ﬁlter-binding assays. The
biotinylated RNA transcripts were mixed with increasing amounts of
recombinant full-length Sam68 in the presence of excess tRNA, to con-
trol for non-speciﬁc RNA-protein interactions, and the mixtures were
analyzed by the RNA ﬁlter-binding assay (see Materials and
methods) probing with streptavidin-HRP. As shown in Fig. 6, a
speciﬁc protein-RNA interaction was detected between Sam68 and
the FMDV IRES. Increasing the concentration of Sam68 retained greater
quantities of the biotinylated FMDV IRES. In contrast, Sam68 was un-
able to retain the S-fragment, cre, or 3′NTR RNA elements at any of
the concentrations tested (Figs. 6A, B).
To provide further evidence for the direct interaction between
Sam68 and the IRES, we performed biotin-RNA pull-down assays.
Biotinylated RNA transcripts were bound to streptavidin paramagnetic
beads as described in Materials and methods section and subsequently,
the biotinylated RNA-beads mixtures or bead particles alone were
incubated with recombinant full-length Sam68 protein in the presence
of (100×) excess tRNA to control for non-speciﬁc RNA-protein interac-
tions (Fig. 6C). The treated beads were washed several times, and any
bound protein was eluted and analyzed by Western blot probing forSam68. Sam68 was speciﬁcally detected when the IRES transcript was
present in the reaction mixtures (Fig. 6C). This data suggested that the
IRES recruited Sam68 speciﬁcally.
FMDV replication is affected by knockdown of Sam68 expression
Since Sam68 relocalized to the cytoplasm during FMDV infection and
bound both the viral 3Cpro and IRES, we examined the role of Sam68 in
the FMDV life cycle. Four short-interfering RNA (siRNA) molecules tar-
geted to different regions of the Sam68 gene (numbered 6, 7, 8, and 9)
were employed to examine whether a reduction in the cellular level of
Sam68 would be inhibitory to viral production. Cells were transfected
with individual or combinations of the designated Sam68 siRNA con-
structs or nonsense negative control (NC) siRNA constructs at equivalent
siRNA concentrations and incubated at 37 °C for 72 h. Following siRNA
treatment, cell lysateswere prepared and analyzed byWestern blot prob-
ing with anti-Sam68. Cells transfected with siRNA constructs targeted to
the Sam68 gene effectively reduced the cellular concentration of Sam68,
while NC siRNA constructs had no effect (Fig. 7B). The transfection condi-
tions were evaluated in parallel for relative cytotoxicity by the XTT assay
(Fig. 7A). None of the transfection conditions resulted in elevated
cytotoxicity, thus allowing us to conclude that results obtained from
downstream experiments could not be attributed to interference with
cell processes. Of the various combinations tested, a combination of
siRNAconstructs #7 and#9 anda cocktail of all 4 Sam68 siRNA constructs
were themost effective at reducing the concentration of the endogenous
protein (Fig. 7B). A combined mixture of all 4 Sam68 siRNA constructs
was selected for all subsequent Sam68-targeted siRNA experiments.
Table 1
Predicted FMDV 3Cpro cut sites within Sam68. The amino acid sequence of Sam68 was displayed in single letter code with the predicted 3Cpro cut sites in bold and underlined. The
NLS at the C-terminus of Sam68 was shaded and underlined. The predicted N-terminal fragments of Sam68 from each cut site were tabulated below showing the position of the cut
site, the sequence of the N-terminal fragment, and the estimated molecular weight of the N-terminal Sam68 fragment.
a Numbers in parentheses represent the amino acid position starting at the N-terminus.
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Fig. 6. Sam68 interacts with the FMDV IRES. A. Full-length Sam68 was mixed with biotinylated single-stranded RNA transcripts corresponding to the FMDV S-fragment, IRES, cre, or
3′NTR. Following the previously described RNA ﬁlter-binding assay (see Materials and methods), protein-RNA interaction was evaluated by probing the nitrocellulose membrane
with SA-HRP. B. Three of the RNA ﬁlter binding assays were quantiﬁed by densitometry scanning using ImageJ software (NIH) and the values were plotted using Microsoft Excel. C.
Biotinylated RNA transcripts of the FMDV S-fragment, IRES, cre, and 3′NTR were separately mixed with SA-coated magnetic beads. Next, they were incubated with full-length
Sam68, washed, and the eluates examined by Western blot probing with anti-Sam68. NC, negative control; PC, positive control.
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infected with FMDV and harvested after incubation at 37 °C for 24 h.
The levels of endogenous Sam68 were evaluated by Western blot.
Again, the combination of 4 Sam68-targeted siRNA constructs effec-
tively reduced the levels of Sam68 relative to NC siRNAs (Fig. 7C).
Densitometry scanning was used to quantify the reduction in Sam68
concentration in cells transfected with Sam68-speciﬁc siRNAs relative
to negative controls, which an approximate 86% drop in Sam68 levelsFig. 7. Reduced Sam68 expression negatively affects progression of FMDV infection. LFBK ce
individual and pooled Sam68-targeted siRNA molecules (#6, 7, 8, and 9) and incubated 72 h
(A) and Western blot probing with anti-Sam68 antibodies (B). Equal loading was conﬁrmed
sense or all 4 Sam68-speciﬁc siRNA molecules, and the cells incubated for 72 h at 37 °C. Pos
cubated at 37 °C for 24 h. The resulting samples were evaluated for Sam68 concentration by
from densitometry scanning beneath the Western blot bands) and virus growth by plaque(arbitrary units shown below Western blots in Fig. 7C). The resulting
virus titers were evaluated as described in the Materials and methods
section. The transfection of Sam68-targeted siRNA molecules reduced
the virus titer 1000-fold relative to cells transfected with NC siRNAs
(Fig. 7D). These results led us to conclude that Sam68 plays one
or more important roles in the life cycle of FMDV, evidenced from
the strong effect perturbations in Sam68 expression had on virus
titer.lls were untransfected (C), transfected with nonsense negative control siRNA (NC), or
at 37°C. Post-incubation, the transfected cells were analyzed by XTT cytotoxicity assay
by re-probing with anti-tubulin antibodies. C–D. LFBK cells were transfected with non-
t-incubation, the transfected cells were infected with FMDV at an MOI of 0.001 and in-
Western blot (the blot in C represents one replicate experiment with values obtained
assay as previously described (D). The assay was conducted in triplicate.
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FMDV IRES
Given its interaction with the FMDV IRES and the negative impact
of diminished cellular concentration of Sam68 on the outcome of
FMDV infection, we investigated if the interaction between Sam68
and the FMDV IRES confers a functional beneﬁt to virus translation.
To examine the contribution of Sam68 to IRES-directed translation,
we tested the effect of siRNA-induced reduction in Sam68 on the
activity of the ﬁreﬂy luciferase (FFLuc) reporter gene under the
control of the FMDV IRES within a bicistronic reporter construct
(Martinez-Salas et al., 1993) that also contained the chloramphenicol
acetyltransferase (CAT) gene under the control of CAP-dependent
translation (Fig. 8A). The effect of Sam68 knockdown on the reporter
gene expression was evaluated 48 h after co-transfection of the siRNA
constructs and the reporter plasmid. By this method, after normaliz-
ing against the results of the CAT assay, FFLuc levels dropped approx-
imately 40% when the cellular concentration of Sam68 dropped by
two-thirds relative to negative control samples (Figs. 8B, C). The co-
transfection approach exhibited negligible cytotoxicity as evaluated
via trypan blue exclusion assay and the XTT assay (data not shown).
However, given the negative impact observed on virus titer followingFig. 8. The cellular concentration of Sam68 affects translation from the FMDV IRES. A. Schema
(CAT) gene under control of CAP-dependent translation and the ﬁreﬂy luciferase (FFLuc) gen
were transfected with pBIC simultaneously with Sam68-targeted siRNAs (Sam68 siRNA), no
for 48 h. Harvested cells were evaluated for reduction in Sam68 by Western blot probing wi
also evaluated for FFLuc and CAT activity. Values obtained from the FFLuc assay were norm
were plotted using Microsoft Excel. The graph is representative of 1 of 3 independent experi
the competition between siRNAs and plasmid DNA during co-transfection. E. Western blot o
Sam68 followed by anti-tubulin (loading control). F. Harvested cell lysates from the step-wis
for the FFLuc assay were normalized against the CAT assay values, and the normalized RLU
scanning was used to assign arbitrary values to relative changes in protein concentration oa reduction in the cellular concentration of Sam68, if Sam68 was
exclusively facilitating IRES-driven translation, we expected a greater
deﬁcit in reporter gene expression as a result of Sam68 siRNA
co-transfection. We suspected that the two nucleic acids (siRNA
versus plasmid DNA) may compete for complex formation with the
cationic liposome transfection reagent, possibly impairing the
effectiveness of the Sam68-speciﬁc siRNAs in reducing cellular levels
of Sam68.
In an effort to eliminate the hypothesized antagonism between
the siRNA constructs and the plasmid DNA and optimize the
evaluation of the contribution of Sam68 to FMDV IRES-driven transla-
tion, a step-wise triple transfection strategy was devised (Fig. 8D).
Cells were transfected with NC siRNA constructs or siRNA constructs
targeted to Sam68 and incubated at 37 °C for 72 h. The cells received
a siRNA booster transfection to maintain the subversion of Sam68
expression and 8 h later were transfected with the bicistronic report-
er plasmid and incubated at 37 °C for 24 h. As evaluated by densitom-
etry scanning, this modiﬁed transfection scheme resulted in an
approximate 90% reduction in Sam68 concentration regardless of
which reporter plasmid was used (Fig. 8E). Consequently, there was
an approximate 50% decrease in FMDV IRES activity, as shown from
reporter gene expression (Fig. 8F). Given that similar results weretic of the bicistronic reporter plasmid, pBIC with the chloramphenicol acetyltransferase
e under control of CAP-independent translation driven by the FMDV IRES. B. LFBK cells
nsense negative control siRNAs (NC siRNA) or with no siRNA (No siRNA) and incubated
th anti-Sam68 followed by anti-tubulin (loading control). C. Harvested cell lysates were
alized against those obtained from the CAT assay, and the adjusted relative light units
ments. D. Overview of the step-wise triple transfection protocol employed to overcome
f LFBK cells following the step-wise triple transfection depicted in D, probing with anti-
e triple transfection were also evaluated for FFLuc and CAT activity. The values obtained
s were plotted. Values shown are the average of 3 separate experiments. Densitometry
n the Western blots (B and E).
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contribution to the translation of the viral RNA.
Discussion
Several picornaviruses have been shown to encode factors that
alter nucleo-cytoplasmic transport to block/inhibit cellular defense
mechanisms and promote viral replication. With limited coding
capacity, picornaviruses co-opt a variety of cellular proteins during
the course of infection, frequently altering their sub-cellular localiza-
tion (Gustin and Sarnow, 2002; Lin et al., 2009). Consistent with what
has been previously observed for enteroviruses and rhinoviruses
(Gustin and Sarnow, 2002; McBride et al., 1996), FMDV infection
induced the redistribution of Sam68 to the cytoplasm (Fig. 1), though
there were a number of differences. Unlike the pronounced degrada-
tion that has been observed during enterovirus infections, the subset
of Nup proteins, Nup62, Nup98, and Nup153, is not signiﬁcantly
degraded in early stages of FMDV infection when the re-localization of
Sam68 is ﬁrst detected, thus reducing the likelihood of their
involvement (Fig. 2) (Park et al., 2008). During PV infection, Sam68 in-
teracts with the viral RNA-dependent RNA polymerase and appears to
survive infection intact (McBride et al., 1996), which is consistent
with what we detected using another enterovirus: BEV-1. In contrast,
we detected the FMDV 3C protease cleavage of the C-terminal NLS of
Sam68 (Figs. 3 and 5). This provides a possible mechanism for the
shift from the nucleus to the cytoplasm, since the 3CD precursor has
been detected in the nucleus and in a juxtanuclear position in FMDV
infected cells (Garcia-Briones et al., 2006; O'Donnell et al., 2006).
The C-terminally cleaved Sam68 exhibits a molecular weight
below 50 kDa (Fig. 3), presumably allowing it to freely diffuse across
the NPC (Talcott and Moore, 1999; Tartakoff and Tao, 2010).
Additionally, the enzymatic removal of the NLS prevents the re-
importation of cleaved Sam68 to the nucleus, cumulatively shunting
Sam68 to the cytoplasm during FMDV infection. This represents a
relocalization strategy distinct from what we reported for another
nuclear RNA-binding protein during FMDV infection RHA. In this
case, a reduction in the level of methylated arginine residues in the
C-terminus of RHA initiates the redistribution (Lawrence and
Rieder, 2009). The precise 3Cpro cleavage site or sites within Sam68
have yet to be determined, though several candidates have been
identiﬁed (Table 1), which is currently being examined. Furthermore,
Sam68 represents a previously unidentiﬁed cellular substrate of the
FMDV 3Cpro, which has been reported to target histone protein H3
for proteolysis (Falk et al., 1990; Grigera and Tisminetzky, 1984;
Marquardt, 1993; Tesar and Marquardt, 1990). A C-terminally trun-
cated isoform of Sam68 (Sam68DeltaC) reportedly represses transla-
tion of HIV genes by several mechanisms including sequestration of
HIV transcripts to perinuclear bundles (PBs) and stress granules
(SGs) as well as blocking the association of PABP1 with the 3′ end
of the viral transcripts (Henao-Mejia et al., 2009; Marsh et al., 2008;
McLaren et al., 2004; Soros et al., 2001). Although, the signiﬁcance
of the FMDV-induced formation of a similar Sam68DeltaC isoform
still remains to be determined, the evidence presented indicates
that, in addition to binding the FMDV IRES (Fig. 6), Sam68 exerts a
positive effect on FMDV translation (Fig. 8). While we have shown
that the full-length Sam68 interacts with the FMDV IRES, we are
also investigating whether the truncated isoform detected during
FMDV infection also interacts with the IRES.
Sam68 can now be added to the list of non-canonical host factors
already described to interact with the IRES of various picornaviruses
(Belsham and Sonenberg, 2000; Lin et al., 2009). Importantly, the
Sam68-FMDV IRES interaction makes some contribution to IRES
activity. This can be inferred from the diminished IRES-driven report-
er gene expression in cells with reduced cellular levels of Sam68,
which was observed by two different methodologies. While the ﬁnd-
ings from the in vitro assay suggest that Sam68 may enhance thetranslation of the viral RNA, the signiﬁcant reduction in virus titer
resulting from the decrease in available Sam68 hints that the role of
Sam68 in the FMDV life cycle may not be limited to augmentation
of viral translation.
Based on the current data, we hypothesize a general model for the
“hijacking” of Sam68 by FMDV. Our results are consistent with
evidence showing that the FMDV 3CD precursor protein enters the
host cell nucleus (Garcia-Briones et al., 2006; O'Donnell et al., 2006)
via a putative NLS site in the N-terminus of the 3Dpol protein
(Aminev et al., 2003; Amineva et al., 2004). The 3CD precursor un-
dergoes proteolytic maturation, thus depositing an active FMDV 3C
protease in the nuclear compartment. The results showed that 3Cpro
cleaves a C-terminal portion of Sam68 encompassing the NLS.
Truncated Sam68 begins to diffuse into the cell cytoplasm, where it
eventually encounters FMD viral RNA, and attaches to the IRES trig-
gering an augmentation in the translation of the viral RNA. Many
questions remain unanswered, and the model will certainly undergo
further reﬁnement. The theoretical cleavage sites within Sam68
(Table 1) have yet to be conﬁrmed, though production of new
cDNAs and protein expression systems is currently underway to test
this further. The proposed interaction site between Sam68 and the
FMDV IRES and the precise mechanism by which Sam68 enhances
the FMDV RNA translation both need to be delineated. Furthermore,
given the diverse cellular functions attributed to Sam68 as well as
the signiﬁcant reduction in virus ampliﬁcation in cells previously
treated with Sam68 siRNA constructs, it is likely that “hijacked”
Sam68 may fulﬁll multiple distinct roles in the life cycle of FMDV. It
is very likely that the FMDV-induced redistribution of Sam68 to the
cytoplasm subverts the multiple distinct cellular functions attributed
to the protein (see the Introduction). Among these roles, the altered
sub-cellular localization might support the inhibition of Sam68 pro-
moted apoptosis (Taylor et al., 2004) would beneﬁt the virus life
cycle. These items are all currently being investigated.
In conclusion, we have identiﬁed the host protein Sam68 as a new
substrate for the FMDV 3Cpro proteolysis of the C-terminal NLS of
Sam68 by 3Cpro (without simultaneous Nup degradation) that ap-
pears to be the predominant mechanism by which FMDV affects its
redistribution to the cytoplasm. The data suggest that Sam68 binding
to the FMDV IRES during infection could potentially enhance transla-
tion of the viral RNA. However, given the multiple distinct cellular
roles for Sam68 and the effect that Sam68 knockdown had on
FMDV replication, it is plausible that Sam68 might be supportive of
more than one aspect of the virus life cycle. Interestingly, this is the
ﬁrst report of Sam68 degradation being attributed to a viral infection
and provides a potentially valuable new target for FMD therapy.
Materials and methods
Materials
Qiagen HiPerfect siRNA transfection reagent was purchased from
Qiagen (Valencia, CA). Lipofectamine 2000 DNA transfection reagent
and streptavidin-coupled magnetic beads were purchased from Invi-
trogen (Carlsbad, CA). Seize X Protein G coupled beads were
purchased from Pierce Biotechnology (Rockford, IL). GST-tagged full
length Sam68 was purchased from Abnova (Walnut, CA).
Antibodies
Polyclonal rabbit anti-Sam68 directed against the C-terminus of
Sam68 was purchased from both Upstate Laboratories (Billerica,
MA) and Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal rabbit
anti-Sam68 directed against the N-terminus of Sam68 was purchased
from Novus Biologicals (Littleton, CO). Monoclonal mouse anti-
Sam68 and polyclonal rabbit anti-histone H3 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal rabbit
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gomery, TX). Monoclonal mouse anti-Nup antibody was purchased
from Covance (Princeton, NJ). Polyclonal rabbit antibodies directed
against FMDV non-structural proteins: 2C, 3A, 3B, 3Cpro, and 3Dpol
were generously provided by Dr. Peter Mason and Dr. Marvin
Grubman. Goat-anti-rabbit antibodies conjugated to AlexaFluor-488
(AF488) and goat-anti-mouse antibodies conjugated to AlexaFluor-
568 (AF568) were purchased from Molecular Probes (Carlsbad, CA).
Viruses, cell lines, and plasmids
FMDV types A12 and A24 Cruzeiro/Brazil 1955 (A24-Cruzeiro, Gb
AY593768) were derived from the infectious cDNA clones pRMC35
and pA24Cru (Rieder et al., 1993, 2005). Isolates of FMDV C3 Resende,
SAT2 viruses and bovine enterovirus (BEV1, Gb D00214) were
obtained from Drs. Marvin Grubman or Peter Mason, Agricultural Re-
search Service, Plum Island. A24-Cruzeiro carrying a deletion of the
leader gene was produced by site directed mutagenesis of full-
length genome copy plasmid pA24Cru to produce LL-pA24Cru. Baby
hamster kidney strain 21, clone 13 cell line (BHK-21) was maintained
in Eagle's basal medium (BME) (Life Technologies, Gaithersburg, MD)
supplemented with 10% bovine calf serum (BCS) (Hyclone, South
Logan, UT), 10% tryptose phosphate broth, and antibiotic/antimycotic.
The LFBK cell line was cultured in 10% fetal calf serum (FCS) in
Dulbecco's minimal essential media (DMEM) supplemented with
antibiotic/antimycotic (Swaney, 1988). Cells were grown at 37 °C in
a humidiﬁed 5% CO2 atmosphere. Expression plasmids pET26b-Ub/3Cpro
and pET26b-Ub/3Dpol encoding FMDV A12 3Cpro and 3Dpol sequences
were ampliﬁed by PCR primers 5′-GCGGAATTCCCGCGGTGGAAGTGGT
GCCCCACCGACC-3′ (plus-strand sequence) and 5′-GCGGAATTCGGAT
CCCTCGTGTTGTGGTTCAGGGTC-3′ (minus-strand sequence) and primers
5′-GCGGAATTCCCGCGGTGGAGGGTTAATCGTTGATAC-3′ (plus-strand se-
quence) and 5′-GCGGAATTCGGATCCTGCGTCACCGCACACGGCGTTCACC
C-3′ (minus-strand sequence), respectively. The fragmentswere digested
with SacII and BamHI and then ligated into the same sites of pET26b-Ub
(kindly provided by Dr. Craig E. Cameron) (Gohara et al., 1999). The
3ABC segment was ampliﬁed from the P3 region of a plasmid encoding
wild-type A24-Cruzeiro using primers 5′-GGGCATATGATCTCAATT
CCTTCCCAAAAATCCGTG-3′ (plus-strand) and 5′-TGCTCGAGGTGGTGTG
GTTCGGGGTCAACGTGTGCCT-3′ (minus-strand), respectively. The 3ABC
segment was digested with NdeI and XhoI and then ligated into pET21b
to produce the expression plasmid for 3ABC. The plasmid encoding the
3Cpro-46 inactive mutant was kindly provided by Dr. Marvin
Grubman (Bablanian and Grubman, 1993; Grubman et al., 1995). The
plasmid encoding the GFP-tagged full-length human Sam68 was kindly
provided by Dr. Stephane Richard (Chen et al., 1999).
Plasmid transfection
Mammalian cells were transfected with plasmid DNA using the
Lipofectamine 2000 transfection reagent (Invitrogen) following the
manufacturer's protocol. Brieﬂy, cells were grown to approximately
30–40% conﬂuence. The cell culture medium was replaced with
serum-free media containing the desired plasmid and Lipofectamine
2000. Cells were incubated with the mixture for 24 or 48 h at 37°C.
After which time, they were harvested for examination by Western
blot to conﬁrm expression of the desired construct.
Immunoﬂuorescent microscopy
Cells were grown on glass coverslips in 12-well plates until ap-
proximately 40% conﬂuence. Control uninfected cells were ﬁxed
immediately with 4% paraformaldehyde (PF) in PBS for 10 min at
room-temperature (RT) prior to the introduction of virus into adja-
cent wells. After ﬁxation of the control cells, the remaining wells
containing cells on coverslips were infected with wild-type FMDVA24-Cruzeiro at a speciﬁed MOI and incubated at 37°C for 1 h. Excess
virus was removed by acid washing the cells brieﬂy followed by sev-
eral rinses with virus growth media (VGM). Designated cells were
then ﬁxed with 4% PF, representing a 1 h post-infection (hpi) time
point. Remaining cells were provided fresh VGM and incubated for
2, 3, 4, or 5 hpi at 37°C, after which, they were ﬁxed with 4% PF.
Cells were washed in PBS, permeabilized with 0.1% Triton-X100 in
PBS for 20 min on ice, and blocked with 3% BSA for 30 min at RT.
The cells were probed with primary antibodies overnight at 4 °C.
The following day the cells were incubated for 1 h at RT with goat-
anti-rabbit and goat-anti-mouse conjugated with AF488 or AF568
(Molecular Probes), respectively. The coverslips were washed 3 con-
secutive times with PBS after each antibody treatment. After the
ﬁnal antibody treatment, the coverslips were air-dried and mounted
onto glass slides with ProLong antifade medium supplemented with
DAPI stain (Molecular Probes). Cells were examined and images
captured using a 100× oil immersion objective on an Olympus
ﬂuorescent microscope (Center Valley, PA). Images were reﬁned
and ﬁgures generated using Adobe Photoshop software (Adobe
Systems Incorporated, San Jose, CA). When examining cells trans-
fected with GFP-tagged Sam68, the permeabilization and subsequent
antibody steps were omitted. Following ﬁxation and PBS washes, the
coverslips of the transfected cells were mounted using ProLong anti-
fade containing DAPI and examined as described above.
Western blot
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis) was carried out using a 12% Nu-PAGE® pre-cast gel system
(Invitrogen). Subsequently the separated proteins were electro-
blotted onto a nitrocellulose membrane (Sigma). After blocking
with 5% milk in PBS-T, speciﬁc proteins were detected with primary
antibodies at indicated dilutions followed by goat-anti-rabbit or
goat-anti-mouse antibodies conjugated with HRP (Sigma). Cellular
tubulin, employed as an internal loading control protein, was
detected with an HRP-conjugated monoclonal antibody (Tubulin-α,
Abcam, Cambridge, MA). The bound HRP conjugate antibodies were
reacted with the WestDura SuperSignal chemiluminescent reagent
(Pierce) according to the manufacturer's instructions and visualized
on X-ray ﬁlm (X-Omat; Kodak, N.Y., USA).
In vitro protease assay
Recombinant full-length Sam68 (Abnova) was mixed with in-
creasing amounts (1, 2, 5, and 10 μL) of wild-type leader protease
(Lpro-WT) or an inactive mutant (Lpro-Mut). The puriﬁed active and
inactive recombinant leader protease preparations were kindly pro-
vided by Dr. Marvin Grubman. The activity of Lpro-WT was conﬁrmed
by eIF4G cleavage as previously described (Devaney et al., 1988;
Piccone et al., 1995a, 1995b). The mixtures were incubated at 30 °C
for 5 h, and then analyzed by Western blot probing with the
antibody directed against the C-terminus of Sam68 (Santa Cruz
Biotechnology). Equal loading between lanes was conﬁrmed by re-
probing the blot with anti-tubulin-HRP (Abcam). The aforementioned
assay was repeated using fractionated bacterial cell lysates containing
over-expressed wild-type 3C protease (3Cpro-WT) or an inactive mu-
tant (3Cpro-46), which were mixed with recombinant full-length
Sam68 (Abnova) in increasing amounts (1, 2, 3, 4, and 5 μL). The
transformed bacterial cell cultures were kindly provided by Dr.
Marvin Grubman. Alternatively, partially puriﬁed 3Cpro-WT and
3Cpro-Mut were incubated with LFBK cell lysates for 5 h at 37 °C. Sub-
sequently, the extracts were examined on a Western blot probing
with anti-Sam68. The activity of the 3Cpro-WT was conﬁrmed by
stripping the blot and re-probing with anti-histone H3 (Santa Cruz
Biotechnology). Equal loading was conﬁrmed by probing with anti-
tubulin-HRP.
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Viral cDNA corresponding to the sense S-fragment, the internal
ribosomal entry site (IRES), the 3′ non-translated region (NTR) and
cis-acting replication elements (cre) (Mason et al., 2002) of the
FMDV genome were ampliﬁed from plasmid pA24Cru (see above) by
using standard PCR with speciﬁc oligonucleotides containing the T7
promoter at the 5′end. Biotinylated RNA transcripts of these different
regions of the virus genome were produced using biotinylated rNTPs
(Roche) and a T7 transcription kit (Ambion, Austin, TX). Various con-
centrations of recombinant full-length Sam68 (Abnova) was sepa-
rately mixed with positive-sense fragment RNAs labeled with
biotinylated-CTP in binding buffer (5 mM MOPS, 25 mM KCl, 2 mM
MgCl2, 5 mM DTT). After mixing at RT for 15 min in the presence of
an excess of nonspeciﬁc RNA (30 μg tRNA), the protein-RNA com-
plexes were applied to pre-wetted nitrocellulose membranes
(0.45 μm pore size, Sigma) overlying a nylon membrane (hybond™-
N+, Amersham) as described previously (Yin et al., 2003). Filters
were washed twice with buffer (20 mM HEPES-KOH [pH 6.8],
1 mMMg(OAc)2, 5 mM 2-mercaptoethanol), dried, probed with
streptavidin-HRP (SA-HRP) (Pierce), reacted with the SuperSignal
WestDura chemiluminescent reagent (Pierce), and detected by
Kodak X-Omat ﬁlms. Prior to the mixing step in this assay, the start-
ing protein concentration of Sam68 was conﬁrmed using the BCA
assay (Pierce).
Biotin RNA pull-down assay
Biotinylated FMDV S-fragment, IRES, cre, and 3′NTR RNAs were
prepared by in vitro transcription using the Megascript T7 kit
(Ambion) with rNTPs supplemented with biotin-11-CTP (Roche).
Cell lysates for the pull-down assay were prepared using 1×108
LFBK cells suspended in 1 mL of ice cold hypotonic buffer (1 mM
HEPES, 10 mM KOAc, and 1.5 mMMg(OAc)2), which were then
lysed by Dounce homogenization. The lysates were centrifuged at
12,000×g for 20 min at 4 °C and the recovered supernatant was
stored at −80 °C supplemented with 10% glycerol. In the pull-down
experiments, 2 μg of biotinylated FMDV RNA was mixed with 30 μL
of streptavidin magnetic beads (Invitrogen) resuspended in 1×
binding and washing buffer (5 mM Tris–HCl, pH 7.5, 0.5 mM EDTA,
and 1 mM NaCl), and incubated at RT for 30 min. Then, 250 μg of
cell lysate (25 μL) and 100 μg of tRNA (10 μL) were added to the
beads and incubated on ice for 30 min. The beads were pulled-down
by a magnet, and the supernatant was removed. The beads were
washed three times with 120 μL of B&W, resuspended in 1× SDS sam-
ple buffer, heated at 98 °C for 10 min, and the supernatant collected
after centrifugation was loaded onto a 12% SDS-PAGE gel followed
by Western blot analysis probing with anti-Sam68 (Santa Cruz
Biotechnology).
RNA interference
Four validated siRNA constructs targeted to different regions of the
Sam68 gene designated Sam68-6, Sam68-7, Sam68-8, and Sam68-9
were purchased from Qiagen (Valencia, CA). These 4 constructs were
transfected individually or in speciﬁed combinations into LFBK cells
using the Qiagen HiPerfect siRNA transfection reagent (Valencia, CA).
Brieﬂy, the Sam68-speciﬁc siRNA constructs were diluted to a concen-
tration of 10 μM in a mixture of DMEM (Invitrogen) and HiPerfect
(Qiagen). Cells grown to 60% conﬂuence in 6-well plates were
incubated with speciﬁed Sam68 siRNA dilutions for 72 h at 37 °C.
Viral growth, virus-yield inhibition and plaque assays
To assess the effects of the siRNA treatments on virus replication
in LFBK cells, monolayers transfected with siRNA cocktails asdescribed above were infected with the speciﬁed virus at a MOI of
10−3. Following virus absorption for 1 h, the inoculum was removed
and VGM was added. After 24 h at 37 °C, virus-infected cells were
harvested and viral titers were determined by plaque assay as
previously described (Rieder et al., 1993). Plates were ﬁxed, stained
with crystal violet (0.3% in Histochoice; Amresco, Solon, OH), and
the plaques counted. The values calculated for the number of
plaque-forming units (PFUs) per mL were plotted using Microsoft
Excel (Microsoft Corporation, Redmond, WA). All assays were
performed in triplicate.
Bicistronic reporter assay
A bicistronic reporter plasmid (pBIC) was generously provided by
Dr. Encarnacion Martinez-Salas and is described in Martinez-Salas et
al. (1993). Brieﬂy, the plasmid contains two reporter genes: chloram-
phenicol acetyltransferase (CAT) and ﬁreﬂy luciferase (FFLuc). The
CAT gene is downstream of a CAP-dependent promoter, and the
FFLuc gene is downstream of the FMDV IRES. Step-wise triple transfec-
tion: To assess the effects of Sam68 on FMDV IRES activity, LFBK cells
were transfected with Sam68-speciﬁc siRNA constructs (Qiagen) as
described above. Seventy-two hours post-transfection, the cells
were delivered a “booster” transfection with the siRNA cocktails as
described in the ﬁrst transfection step and incubated for 8 h.
Afterwards, the cells were transfected with pBIC using Lipofectamine
2000 (Invitrogen) following the manufacturer's protocol. Twenty-
four hours post-transfection with pBIC, the triple transfected cells
were harvested by cell scraping. Single step co-transfection: Alterna-
tively, the reporter plasmid (pBIC) and the siRNA constructs were
transfected simultaneously using the Lipofectamine 2000 reagent
(Invitrogen). Brieﬂy, LFBK cells were grown to a conﬂuency of 80%.
Prior to transfection, 1 μg of plasmid DNA with or without siRNA
were incubated together at RT in the presence of 5 μL Lipofectamine
2000 (Invitrogen) in OptiMEM (Gibco) per reaction for 20 min.
Post-incubation, the reaction mixture was applied dropwise onto
500 μL of cell culture media without antibiotics and OptiMEM
(Gibco) was added to a ﬁnal volume of 1 mL. The ﬁnal concentration
of the siRNA was 1 nM. Forty eight hours post-transfection, the cells
were harvested, lysed, and examined for cytotoxicity, reduction in
Sam68, CAT activity, and FFLuc activity. Reduction in Sam68 concen-
tration was evaluated as described above. The activity of the CAT re-
porter gene was quantiﬁed by a CAT ELISA assay (Roche) following
the manufacturer's protocol. The activity of the FFLuc reporter gene
was quantiﬁed using the Promega (Madison, WI) dual-luciferase kit
in combination with a Veritas luminometer (Promega). The values
obtained from the FFLuc assays were normalized against protein con-
centration (BCA assay, Pierce) and activity scored from the CAT assay.
The adjusted relative light units (RLUs) were plotted using Microsoft
Excel (Microsoft).
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